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Microdisk lasers realize a small cavity, 1-4 high Q factor, ultralow threshold operation 5, 6 and spontaneous emission control.
6,7 They strongly confine the whispering gallery mode ͑WGM͒ localized near the disk edge as a laser mode. Therefore, they are not suitable for extracting high output power, but for some functional devices utilizing the evanescent coupling. [8] [9] [10] [11] [12] In coupled microdisks with an active layer exhibiting saturable absorption and nonlinear gain, the bistability and/or the mode switching will occur, as in conventional coupled cavity lasers. 13 In coupled quantum-dot microdisks, the strong electron-photon coupling and the interdisk optical coupling may provide an entanglement state of quantum bits. In addition, these devices are expected to have a high response speed of picosecond order, due to the Purcell effect. 6 Related with these expectations, we focused on the photonic molecule concept in this study. It is an optical analog to chemical molecules, which helps the understanding of modal states in coupled microcavities. Thus far, this concept was discussed for vertical-cavity surfaceemitting lasers 14 and microspheres. 15 In this letter, we describe a photonic molecule based on microdisks. As the size and arrangement of microdisks are quite flexible, it is easy to fabricate arbitrary photonic molecules and to demonstrate unique modal characteristics. In the following, we first present the fabrication and lasing operation of such photonic molecules. Then, we compare modal characteristics between the experiment and the finite-difference time-domain ͑FDTD͒ simulation, and discuss bonding and antibonding states of WGMs.
In the experiment, we used an epitaxial wafer with five GaInAsP compressive-strained quantum wells whose photoluminescence peak wavelength was 1.58 m. Devices were fabricated by e-beam lithography, transfer to Ti/ Cr mask, mesa formation by Cl 2 / Xe inductively coupled plasma etching, and disk formation by HCl wet etching, as shown in Figs. 1͑a͒ and 1͑b͒. Each disk diameter D was designed to be 2 or 3 m, unless it was intentionally changed. However, D had a fabrication error of Ͻ50 nm. The interdisk spacing d ranged from 50 to 550 nm so that the evanescent coupling could occur. 8 The device was photopumped at room temperature by 0.98-m-wavelength continuous wave laser light. The light emission was detected by a multimode fiber, and analyzed by optical spectrum analyzer. Lasing characteristics for two-and nine-disk devices are shown in Figs. 1͑c͒ and 1͑d͒. By considering the absorption efficiency of the pump light, 6 the effective threshold was evaluated to be 17-19 W times the number of microdisks. It is almost comparable to the lowest value ͑ϳ20 W͒ for single microdisks with 2 -3 m diameter. 6 In general, the threshold of microdisk lasers is mainly determined by the active volume and the scattering loss of the WGM. The scattering loss per unit orbital length is only dependent on the sidewall roughness and curvature of the disk edge. Therefore, all the factors that determine the threshold are scalable, when the photonic molecule is composed of the same diameter disks. This is the reason that the threshold of the photonic molecule is almost given by the multiple of the single disk value. As shown in Fig. 1͑d͒ , clear mode splits were observed in any samples. As for the simplest twin-disk photonic molecule, the observed split agreed with that by the FDTD calculation with the three-dimensional ͑3D͒ model precisely simulating the fabricated device. In the 3 ϫ 3 square array, the split appeared in the wavelength range of 20 nm width. This wide range can- not be explained by the individual lasing of each disk, even though the maximum fabrication error in disk diameter of 40 nm is taken into account. These results suggest the evanescent coupling between disks.
Let us consider the origin of modes in Fig. 1͑d͒ for the twin disks in detail. In the FDTD calculation, the following four things were clarified. ͑1͒ Each 3-m-diameter disk maintains a WGM of eleventh azimuthal order at a wavelength ϳ 1.65 m; ͑2͒ longer and shorter wavelengths of mode split A correspond to bonding and antibonding states, respectively, as shown in the inset of Fig. 1͑d͒ . The latter suffers a lower scattering loss at the proximal point and achieves a higher Q. ͑3͒ For each state, there are two different phase states, which have a node or antinode at the proximal point. Therefore, four coupled modes can occur in total. For the eleventh order WGM, the different phase states are almost degenerate, so only two different modes are observed ideally but three or four modes are sometimes observed experimentally due to the broken degeneracy in fabricated disks with some disordering. Mode split B in Fig. 1͑d͒ is caused by such a broken degeneracy. ͑Note that if each disk has an even order WGM, four modes are observed ideally, as the different phase states are not degenerate.͒ ͑4͒ Weak peak C in Fig. 1͑d͒ is an inner mode in each disk, which has eighth azimuthal order and a low Q.
To confirm the coupling in twin disks, we investigated the dependence of the mode split ⌬ on the diameter detuning ⌬D and the spacing d. For the diameter detuning experiment, one disk diameter D 1 was fixed and the other diameter D 2 was changed, and ⌬D is defined as D 1 − D 2 . Each disk diameter was measured by using high resolution scanning electron microscope. Modal wavelengths were measured with the diameter detuning for two sets of samples, as shown in Fig. 2 . One set has the intentional wide detuning, and the other has the accidental small detuning against the zero detuning design. In the former, fixed modes and shifted modes are observed, which simply arise from two different diameters. The FDTD calculation indicated that a larger ⌬D weakens the coupling between disks and makes their operation more independent. In the latter, the anticrossing characteristic of two modes is observed. The slight wavelength fluctuation was explained by the FDTD calculation as the influence of slight elliptical shapes of disks caused by the anisotropy in the e-beam lithography but the mode split is still clear under the zero detuning condition. Figure 3 shows the mode split ⌬ for the spacing d in twin disks with ⌬D Ͻ 10 nm. Measured data show a large scattering even against the small detuning. However, they exhibit the lowest limit line, which is in good agreement with the theoretical one by the FDTD calculation. The theoretical line indicates the exponential increase in mode split with the coupling strength, which arises from the exponential-like decay of the evanescent field.
Next, we discuss the mode coupling in larger photonic molecules composed of many microdisks. We consider the eleventh order WGM for the 3-m-diameter disk. Neglecting different phase states and symmetric states, coupled modes are estimated for various numbers and arrangements of disks, as shown in Table I . Here, dots in the illustration of microdisks indicate the positions of signs of modal fields. Signs ͑ ͒ and ͑b͒ denote bonding and antibonding states, respectively. Parentheses denote nearly degenerate modes. Modes drawn on the upper side correspond to higher eigen frequencies. Due to the eleventh order mode, signs are different between counter sides in each disk. In 2D arrangement, the nodal coupling denoted by two signs and antinodal coupling denoted by four signs are mixed due to the number of standing wave of the mode and the position of proximal points. In larger molecules, there are many degenerate ͑or nearly degenerate͒ modes. However, the number of eigenfrequencies is equal to the number of disks N in principle. In the experiment, we actually observed lasing and/or resonant peaks whose number is the same as N in linear arrays, as shown in Fig. 4 . However, similar to the case of twin disks, the broken degeneracy by the slightly disordered structure sometimes caused subpeaks close to main peaks. On the other hand, the FDTD calculation indicated that modes with lower symmetries, e.g., middle frequency mode for the linear arrangement of three disks, generally have lower Q's. These are reasons that the 3 ϫ 3 square array in Fig. 1 exhibited ϳ7 main peaks and ϳ12 total peaks including subpeaks. Modal wavelengths observed in the experiment and calculated by the FDTD are plotted with N, as shown in Fig. 5 . It is obvious that the number of modes simply increases with N and a miniband is formed in a larger photonic molecule. The experimental plots are not precisely corresponding to the calculation. But they well exhibit following tendencies, which qualitatively agree with the calculation and are expected from the analogy to the molecular chemistry. The mode split rapidly increases in a smaller photonic molecule and saturates in a larger one. Here, a larger split appears in the triangular lattice, the square lattice, and the linear array in this order. These results indicate that the coupled modes are dominated by the coupling between neighboring disks, as the coupling is a small perturbation for isolated WGMs. The coupling strength is enhanced in a more close-packed structure, and results in a wider split.
In conclusion, we fabricated photonic molecule lasers composed of GaInAsP microdisks, and obtained the room temperature operation. We also observed unique mode splits and the miniband formation in lasing/resonant spectra, which indicated the evanescent optical coupling between disks. The behavior of modes is well explained by the simple consideration with bonding and antibonding states. The purpose of investigating such modal characteristics is to realize some functionality in a semiconductor photonic molecule. Regarding the next issue, we will discuss the bistable action in the near future. 
